Abstract: We report on the screening of samples of titanium metal for their radio-purity. The screening process described in this work led to the selection of materials used in the construction of the cryostats for the Large Underground Xenon (LUX) dark matter experiment [1] . Our measurements establish titanium as a highly desirable material for low background experiments searching for rare events. The sample with the lowest total long-lived activity was measured to contain <0.25 mBq/kg of 238 U, <0.2 mBq/kg of 232 Th, and <1.2 mBq/kg of 40 K. Measurements of several samples also indicated the presence of short-lived (84 day half life) 46 Sc, likely produced cosmogenically via muon initiated (n,p) reactions.
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Introduction
Experiments searching for rare events have to suppress background counts from natural radioactivity, which necessitates the minimization of radio-impurities embedded in the apparatus itself. This is achieved by careful screening of construction materials for the presence of long-lived radio-isotopes, such as 238 U, 232 Th and 40 K. The traditional method for this screening process consists of direct gamma-ray counting at low background facilities, located in laboratories with massive over-burden of rock.
The LUX experiment, which aims to directly detect dark matter, is a two-phase xenon time-projection chamber, containing approximately 350 kg of xenon [1] . In order to sustain such a large mass of xenon in the liquid phase, two concentrically nested cryogenic vessels are employed, with a high vacuum maintained between the inner and outer chambers. The combined mass of these titanium vessels is 230 kg. This article addresses the issue of the choice of material for these cryostats, describes the screening procedure, and presents the results of our measurements of the radio-purity for several titanium samples.
Traditionally, cryostats in large scale physics experiments have been constructed using stainless steel, due to its high tensile strength and relatively low cost; for situations in which radioactivity was critical, copper was preferred [2] [3] . Titanium has not been used as the material of choice in any large dark matter experiment to date. The advantages of titanium over copper lie in its superior tensile strength, a somewhat lower cost, and the fact that it can be welded, as opposed to brazing for copper, which can leave micro-holes and allow radioactive contaminants such as radon to enter the experiment. Certain types of stainless steel have been measured to have very low levels of radio-impurities [4] but still quite high compared to copper [5] . Hence, the choice between titanium and copper for the LUX cryostats rested on the radio-assays that are described here.
Titanium metal is available in several grades of chemical purity: the American Society for Testing and Materials (ASTM) lists 39 distinct grades [6] , with iron and oxygen content as the most important distinguishing feature. The American Society of Mechanical Engineers (ASME) has its own nomenclature for categories of titanium metal. Addition of certain impurities, such as oxygen in the form of scrap titanium dioxide, improves the tensile strength of the alloy. Hence, our choice of material consisted of a compromise, because introduction of scrap materials in the processing of a metal carries with it the danger of parasitically introducing long-lived radio-isotopes. We evaluated two grades of titanium in this study, colloquially labeled by vendors in terms of "chemical purity" as CP-1 and CP-2. In this paper, CP-1 refers to ASTM/ASME B-265 Grade 1 and CP-2 refers to ASTM B-265 Grade 2. Tables 1 and 2 show the isotopes of titanium and their cross sections for thermal and fast neutron activation, respectively. The only isotope of concern is the moderately longlived 46 Sc, which is activated in an (n,p) interaction. This process can be initiated by a cosmic ray muon interacting in the environment and producing neutrons via spallation.
Based on estimations of tolerable background rates in LUX, we established a conservative upper limit of 1 mBq/kg for a sample to be considered acceptable. In order to ensure the lowest possible background from radio-isotopes in the cryostat material, several samples of Ti were evaluated in 2008-09. In this article we present the results from this screening process and some follow-up measurements made in 2010-11. The work reported here was carried out at the Low Background Facility at Berkeley Lab, the Oroville Counting Facility in northern California, and the SOLO facility, located at the Soudan mine in northern Minnesota.
Method
All the measurements reported in this paper were accomplished through the use of highresolution gamma ray spectroscopy on samples by direct counting with high-purity germanium (HPGe) detectors located in underground low-background facilities. The detectors used for these measurements, and their Rn-purged shield enclosures, were constructed of low-background materials. Multi-kilogram samples, ranging in weight from 1.5 to 8 kg, were analyzed to achieve the reported results.
We focussed on four benchmark isotopes in our screening of Ti metal samples: 238 U, 232 Th, 40 K, and 46 Sc. 238 U and 232 Th are of particular concern to dark matter experiments for several reasons: a) each isotope decays through a chain in which a large number of highenergy gamma-rays are emitted, b) there is the possibility of generating neutrons via (α,n) reactions in the surrounding material, and c) there is a small amount of direct generation of neutrons by spontaneous fission in the case of 238 U. 46 Sc is generated from cosmic ray interactions within the Ti, as described in Sec. 3.1. 40 K is a common contaminant in materials, which emits a 1461 keV gamma ray in its decay to 40 Ar.
Individual isotope abundances are identified by their respective gamma-ray energies. 46 Sc is identified by two ∼100% branching ratio gamma-ray lines at 889 and 1120 keV. 238 U and 232 Th cannot be directly identified by gamma-ray lines from decays of 238 U and 232 Th nuclei, as gamma-rays from these decays have very low branching ratios and energies. However, decays from isotopes later in the 238 U and 232 Th decay chains exhibit much higher detectability, and these gamma-rays are typically used to infer the concentration of 238 U and 232 Th. The strongest lines for identification of 238 U come from 214 Pb and 214 Bi, and from 208 Tl in the case of 232 Th. 40 K is identified by a single 1461 keV line.
We paid careful attention to the possibility that disequilibria may have been created in the U-series and/or the Th-series as a consequence of chemical processing of the titanium metal. The most important causes for disequilibrium are differences between U/Th and Ra chemistry. Chemical processing during manufacturing can compromise the inference of 238 U and 232 Th from the late-chain isotopes mentioned above. For instance, a common breakage of equilibrium occurs in the 238 U chain for the isotope 226 Ra, which is soluble in water and can potentially be introduced or removed in large quantities during certain treatment processes, as can gaseous 222 Rn. Because of this, measurements of the 235 U decay chain, even though they are less sensitive, are sometimes included as a direct measurement of "early-chain" activity and the 238 U content is deduced. The signatures include the 93 keV line from 234 Th, the 186 keV line from 235 U, and the 1001 keV line from 234 Pa. Note that the majority of gamma-rays contributing significantly to electromagnetic backgrounds in the detector are generated from late-chain decays. Hence, measurements of early-chain concentrations tend to result in very weak upper limits, and direct measurement of latechain activity is typically considered to be of greater importance for background estimation.
Facilities
The Low Background Facility (LBF) at LBNL was established by A.R. Smith in the late 1950s for quantifying the stray radiation field of the newly operational Bevatron. Since the early 1980s, the LBF has been increasingly utilized to select low-activity construction materials for use in experiments searching for rare events. It features a 4π-shielded room with concrete walls (4-6 ft thick) made from about 500 tons of selected low-radioactivity serpentine rock (Mg 6 Si 10 OH 8 ) concrete. The main detector, a 115% N-type Low Background HPGe Detector, is housed in an outer Pb and an inner Cu (OFHC) shielding layer. The LBF is used as the first step in the screening process. If a positive measurement is made at LBF, the screening process is over. If only an upper limit is obtained at LBF, the sample is sent to an offsite facility located under the Oroville dam in northern California.
The Oroville facility, which has 450 meters water equivalent (mwe) of shielding, provides a much higher sensitivity due to lower levels of backgrounds. An 85% P-Type Ultralow Background HPGe detector is housed within low-activity Pb and Cu shields and continuously flushed with nitrogen. It has now lived underground for about 8 years and has routinely provided sensitivities at levels of <1 mBq/kg 238 U/ 232 Th for late-chain measurements. The group at LBNL has established this screening procedure over more than 4 decades, and their results are considered an industry standard.
Data were also taken at the SOLO facility [7] located at the Soudan Underground Laboratory, which boasts a 2200 mwe of overhead shielding. A 0.6 kg HPGe detector is housed in a lead shield >30 cm thick, with the inner 5 cm comprised of ancient lead with 210 Pb activity measured below 50 mBq/kg. The detector offers sensitivities at the level of ∼1 mBq/kg 238 U/ 232 Th for late-chain measurements. The SOLO facility is operated by the LUX collaboration and is available for our use at all times. However, it was in the process of being commissioned at the time of this study and was mostly used for the Sc studies reported in this paper.
Results of Radio-assays
Nine different samples of Ti (seven samples of CP-1and two samples of CP-2), obtained from various distributors, were counted at the three different facilities between February 2008 and August 2011. Samples Ti1 -Ti7 are plate samples, while Ti8 is a sheet, and Ti9 is a sample of Ti welding wire. Sample descriptions are listed in Table 3 .
Counting results for CP-1 samples are listed in Table 4 . All quoted errors are at ±1σ , while upper limits are at 90% confidence level (CL). The (e) and (l) labels refer to early-and late-chain measurements, as described in Sec 2. Ti1, Ti4, Ti5, and Ti6 are plate samples of similar thicknesses and consistently show only upper limits for radioactive contaminations, except in the case of Ti6, for which an early-chain estimate of 6.2±1.2 mBq/kg was made from measuring the 186 keV line from 235 U decays. This sample has the lowest measured 238 U upper limit at <0.19 mBq/kg, and was ultimately used for the construction of the body of the LUX cryostats. While samples Ti1, Ti4, and Ti5 did not have a positive count for early-chain 238 U, the low late-chain counts of Ti6 make it the superior material.
Ti7 is a thick plate sample which was used to fabricate the sealing flanges and endcaps for the LUX cryostats. It has the lowest measured 232 Th upper limit at <0.2 mBq/kg and 238 U upper limit at <0.25 mBq/kg. Sample Ti8 was used in small quantities for fabricating peripheral parts. Hence, even though it shows positive measurements for latechain decays, the total mass used in LUX was negligible compared to the bulk materials (Ti6 and Ti7). Ti9, which is the welding wire used in construction, also has a positive signature for both early-and late-chain decays. The Ti9 late-chain signature is more than twice that measured for Ti8, more than twice the highest upper limit (made for sample Ti4), and ×28 higher than the lowest upper limit placed. Again, negligible quantities of this material were employed.
Results for CP-2 are listed in Table 5 . Sample Ti3 was measured with a large positive 238 U contamination, at 37±12 mBq/kg. We were not able to place any strong limit on 238 U contamination of sample Ti2, as the baseline activity was significantly raised from Compton scattering of 2.6 MeV gamma-ray associated with the highly abundant 232 Th in this sample.
Comparison of counting results for CP-1 and CP-2 reveals that CP-1 has a much lower average 232 Th content than CP-2. A difference in 238 U contamination is also seen between CP-1 and CP-2. Measurements for CP-1 238 U contamination yield only upper limits for four out of seven samples, with a mean positive measurement of 9.9±1.8 mBq/kg (early) for the remaining three. Late-chain activities for CP-1 are significantly lower, with only samples Ti8 and Ti9 indicating positive detection at an average of 2.1 mBq/kg.
No positive signatures of 40 K were identified, except in the case of the wire sample Ti9. Given the positive identification of 238 U / 232 Th at levels higher than typical for other CP-1 materials (particularly in the case of 232 Th), as well as the presence of 40 K, it is likely that this sample was contaminated during chemical processing. It should be noted that the wires were not deliberately thoriated, as is the practice for welding applications.
Measurements of Cosmogenic Activation
Cosmogenic activation, while possible at sea level, is enhanced during air shipment. The primary cosmogenic activation product in Ti is 46 Sc, with a half-life of ∼84 days. It decays by emitting two ∼1 MeV gamma-rays (889 and 1120 keV), along with a beta with an endpoint energy of 356 keV. The cross section for the dominant production via fast neutron activation, 46 Ti(n, p) 46 Sc, is σ ∼ 0.25 barn for neutron energies in the range 5-20 MeV. Neutrons in this energy range are predominantly generated from muon spallation in nearby materials.
Positive measurements of 46 Sc were made for several of the Ti samples, as shown in Tables 4 and 5 . In some cases, upper limits were extracted, but not for each sample. The measured activities range from below 0.19 mBq/kg to values as high as 23 mBq/kg (Ti6). We believe that this variation is due to their history of transportation, which was not monitored prior to their arrival in our labs. A subset of Ti6, listed as Ti6-A, was counted again after a gap of about 3 years and no peaks due to 46 Sc were visible. Similarly, Ti3 underwent a count after about a two-year gap, and no 46 Sc lines were observed. This leads us to conclude that cosmogenic 46 Sc will not be an issue for titanium stored at locations near sea level (in this case, Davis, CA). However, the surface lab at Lead, SD is situated about 1,500 m above sea level, and presents possible concerns for cosmogenic activity.
We did a more detailed study of 46 Sc activation using sample Ti5. It was initially counted at SOLO after being underground for ∼300 days, yielding <0.35 mBq/kg of 46 Sc. It was then sent to Sanford Lab for a period of ∼6 months, after which it was shipped by ground back to SOLO for counting. Counting after shipment yielded an activity of 4.4±0.3 mBq/kg, averaged over a counting period of 14 days. Ideally, we should expose a sample to cosmic rays for a period about 5 times larger than the half-life of the activation product, in order to achieve equilibrium levels. However, this measurement provides us with a good estimate for the equilibrium level of 46 Sc that can be expected in all titanium parts that were stored at the Sanford Lab for a period of 6 months or more.
Conclusions
From the nine Ti samples screened in the LUX materials selection program, the CP-1 plate samples were found to have a significantly reduced 232 Th and 238 U content compared to the CP-2 samples. The CP-1 sheet and wire samples were not significantly different from CP-2 plate samples. The bulk materials used in the construction of the LUX cryostat were measured to have total activities well below 1 mBq/kg, our established tolerance level. Within our limited data set, it is difficult to draw definitive conclusions about radioactive properties of various types of titanium metal. However, it is evident that ASTM/ASME B-265 Grade 1 (CP-1) titanium is a very promising material for low background experiments. Prolonged exposure of titanium to cosmic rays at sea level is not of concern, but storage at high altitudes causes a build-up of 46 Sc levels. 
